Abstract-In ultrasound harmonic imaging with chirp coded excitation, the axial resolution can be improved by increasing the excitation signal bandwidth. However, increasing the bandwidth will cause overlapping between the received nonlinear second harmonic chirp component (SHCC) and the fundamental component. For the spectrally overlapping harmonics, signal decoding using the second harmonic matched filter (SHMF) typically produces higher range sidelobes level (RSLL), which reduces the image contrast. A multi-pulse detection scheme such as pulse inversion can be used to extract the overlapped SHCC; however it is susceptible to motion artifacts and reduced system framerate. In this study, the fractional Fourier transform (FrFT) is proposed with chirp coded excitation for the extraction of the overlapped SHCC. The experimental results indicate at least a 13 dB improvement in the RSLL of the FrFT filtered compressed SHCC when compared with the unfiltered compressed SHCC.
I. INTRODUCTION
Medical ultrasound imaging techniques such as tissue harmonic imaging and contrast-enhanced harmonic imaging provides better spatial and contrast resolution by producing the image with the second harmonic component (SHC) of the nonlinear received signal. The extraction of the SHC from the received signal can be done by band-pass filtering; however it works well only for a narrow bandwidth signal in which the SHC is not overlapped with the fundamental component. However the use of narrow bandwidth signals as an excitation will reduce axial resolution and decrease the image quality. A multi-pulse detection scheme such as pulse inversion (PI) [1] can be used to extract the SHC even for a wide bandwidth signal in which there is a spectral overlap amongst the harmonic components. However, the main drawbacks of the PI technique are the reduction of the system frame-rate by a factor of two and the failure of a complete SHC extraction under the tissue motion [2] - [4] .
Coded excitation techniques were originally introduced in radar communication in 1950 [5] . These techniques now are widely used in medical ultrasound imaging systems to provide improved signal-to-noise ratio (SNR) and penetration depth without increasing the peak excitation pressure or mechanical index (MI). Coded excitation with a linear frequency modulation or chirp signal requires a single transmission which will not reduce the system frame-rate and therefore less susceptible to the tissue motion [6] .
In ultrasound harmonic imaging with chirp coded excitation, the axial resolution of the image can be improved by increasing the bandwidth of the chirp excitation. However increasing the chirp signal bandwidth will cause overlap between the received nonlinear second harmonic chirp component (SHCC) and the fundamental component. In the spectral overlap harmonic condition, signal decoding using the second harmonic matched filter (SHMF) typically produces higher range sidelobes level (RSLL) which reduce the image contrast.
In this work, the fractional Fourier transform (FrFT) is proposed as a filtering tool, with wide-bandwidth chirp coded excitation, for the extraction of the overlapped SHCC.
II. THEORY AND METHODS

A. The Fractional Fourier Transform
The Fourier transform (FT) can be used to transform a signal from the time to the frequency domain. The FrFT is a generalization of the FT which allows the transformation of a signal not only to the time and frequency domain, but also into a fractional domain lying between the time and frequency domains. The FT uses a sinusoidal basis function whereas the FrFT uses linear chirps as its basis function therefore it is ideally suited for the analysis and the processing of linear chirp signals [7] - [10] . The FrFT can be expressed as,
where the transform kernel, B α , is equal to,
where,
The FrFT transformation order, α, is defined as,
where the angle of rotation, ϕ, can be calculated as, For discrete signals, the angle of rotation, ϕ opt(discrete) , can be calculated as,
where f s is the sampling frequency, and N is the number of samples. By substituting (2) and (3) into (1), the complete equation of the FrFT can be expressed as
The FrFT in (7) can be computed using a series of steps. The first step requires multiplication of the input signal, g (v) , with the linear chirp function, exp
, and then performing a scaled FT. The last step in the transform requires multiplication with a second linear chirp function, exp
, in the transform domain followed by its complex scaling [11] .
The linear chirp signal in the time-frequency plane is illustrated in Fig. 1(a) , where B is the bandwidth, T is the duration, and f 0 is the initial frequency of the chirp signal. The projection of the chirp signal onto the fractional Fourier domain (u-axis) is minimized when the FrFT can be computed at the optimum angle of rotation, ϕ opt , as shown in Fig. 1(b) . 
B. Extraction of the SHCC using the FrFT
The FrFT can be used as a filtering tool [12] , [13] to extract the SHCC under the spectral overlapping harmonic condition. Using the FrFT, the time domain signal can be transformed into the fractional domain where the overlapped SHCC can be separable. In the fractional domain, the SHCC can be extracted by applying a rectangular window around it. The extracted SHCC will be transformed back to the time domain for further processing. The extracted SHCC is then decoded using the SHMF in order to perform pulse compression to restore axial resolution as shown in the proposed system flow chart in Fig. 2 . In this paper, the SHMF was designed with twice the center frequency and bandwidth of the fundamental component and by using the same window function as used in the excitation chirp signal [14] , [15] .
III. EXPERIMENTAL INVESTIGATION
A. Excitation Signals
The linear chirp signal, x(t), can be expressed as [15] ,
where W (t) is the windowing function, P is the peak excitation pressure, B is the bandwidth, T is the duration, and f c is the centre frequency of the chirp signal. In the experiments, a Hann windowed [16] linear chirp with a centre frequency of 2.25 MHz, duration of 10 μs, and bandwidth ranging from 1 − 3 MHz was used as an excitation signal. The chirp signal with associated power spectrum, instantaneous frequency and chirp-rate functions are shown in Fig. 3 .
B. Experimental Setup and Procedure
In order to validate the proposed method, experiments were conducted both in pitch-catch and pulse-echo configurations. The experiments were performed in a tank containing deionised, degassed water. In both experiments, the harmonic components, which were generated due to the nonlinear propagation of ultrasound waves in water, were measured [17] .
Experiment I: In a pitch-catch configuration, a 2.25 MHz single element transducer was mounted coaxially with a 1 mm needle hydrophone at a distance of 110 mm in a water tank. A programmable function generator (33250A Agilent, 80 MHz, Santa Clara, CA, USA) was set to generate chirp excitation signals. The signals were amplified by an RF power amplifier (A150 E&I, 55 dB, Rochester, NY, USA) to a voltage level of 150 V pk-pk , which generated 340 kPa peak negative pressure in water. The amplified signals were transmitted by a 56% fractional bandwidth 2.25 MHz single element immersion transducer (V323-SM, Panametrics, Waltham, MA, USA). The nonlinear signals were received using a needletype Polyvinylidene Fluoride (PVDF) hydrophone with an active element diameter of 1.0 mm (calibrated from 1 to 20 MHz, Precision Acoustics Ltd., Dorchester, UK). The received signals were acquired at 100 MHz sampling rate using a digital oscilloscope (44Xi LeCroy, 400 MHz, Chestnut Ridge, NY, USA).
Experiment II: In a pulse-echo configuration, a 4.8 MHz standard medical probe with 96 elements was used to scan the wire phantom using the Ultrasound Array Research Platform (UARP), which is designed by the Ultrasound Group at the University of Leeds [18] .
In both experiments, the captured data was stored in a computer and processed offline using MATLAB software (The MathWorks Inc., Natick, MA, USA). All received signals were rectified using an inverse filter designed in Matlab according to the frequency response of the hydrophone and medical probe.
IV. RESULTS AND DISCUSSION
A. Experiment I: Pitch-Catch Configuration
Figure 4 (top) shows the power spectrum of the nonlinear received signal with a 2 MHz bandwidth excitation. The received signal is transformed into the FrFT domain at α = 1.2419. The value of α is computed with parameters sampling-rate f s = 100 MHz, number of samples N = 20000, chirp-rate a = 0.2 MHz/μs. The transformed signal is shown in Fig. 4 (middle). It is shown that in the fractional domain the SHCC is not overlapped with the fundamental frequency components and therefore it can be extracted without any spectral energy loss.
The SHCC is then extracted by the application of a rectangular window. The extracted second harmonic signal in the time domain is obtained by taking the inverse fractional Fourier transform at α = −1.2419. The power spectrum of the extracted second harmonic signal is shown in Fig. 4 (bottom) .
The effect of the FrFT filtering on pulse compression has been evaluated by decoding the extracted second harmonic chirp signal using the harmonic matched filtering technique. Fig. 5 shows the effect of the FrFT filtering on the compressed second harmonic chirp signal.
It is shown that the un-filtered compressed second harmonic signal contain the peak range sidelobes level (RSLL) at −15 dB, whereas the FrFT filtered compressed second harmonic signal contain the peak RSLL at −32 dB. The reason for the higher sidelobe level in the un-filtered compressed signal is the spectral overlapping between the fundamental and second harmonic components. It is observed that at least 17 dB reduction in the peak RSLL has been found in the FrFT-filtered compressed second harmonic chirp signal when compared with the un-filtered compressed signal.
B. Experiment II: Pulse-Echo Configuration
In pulse-echo configuration, the received signals with a bandwidth of 3 MHz are processed using the FrFT and the overlapped SHCC is extracted. After the extraction of SHCC, the signal is decoded using the SHMF. The FrFT filtered and un-filtered compressed second harmonic chirp signals are shown in Fig. 6 . It is observed that at least 13 dB reduction in the peak RSLL has been found in the FrFT-filtered compressed second harmonic chirp signal when compared with the unfiltered compressed signal. In this experiment, filtering in the fractional Fourier domain allows the detection of reflectors located at 1.3 cm, 3 cm, 5 cm and 7 cm for the wire phantom.
V. CONCLUSION
The FrFT can be used as a filtering tool with a wide bandwidth chirp excitation in order to extract the overlapped SHCC without reducing the system frame-rate. Using the fractional domain filtering, the RSLL in the compressed SHCC can be reduced which potentially improve the image contrast.
